Introduction
Fluorescent silica nanoparticles are one of the preferred materials for labeling in bioanalysis and biotechnological applications. Their silica shell shown to be biocompatible and non-toxic . In this method, the consecutive allylation and hydrosilation processes were applied to organic dyes to derivatize them.
The new method aimed to eliminate the use of (3-aminopropyl) triethoxysilane (APTES) which otherwise cause agglomeration of particles. After modifying the structure of the dye molecules in two steps, the derivatives were conjugated into the silica matrix by the Stöber method.
Additionally, they varied the size of particles from 30 to 500 nm by adjusting the concentration of TEOS, ammonia and water. Relatively longer processing and purification times after allylation require more reagents and a higher amount of dye may be considered as disadvantage for the method introduced by Ha et al.
Even though there are many reports regarding how to control the size and uniformity of nanoparticles. Some of the methods have been successful at producing particles bigger than 30 nm while others have focused on the preparation of particles smaller than 30 nm. In addition, controversial results regarding the effect of amount of reagents on particle size were reported in the silica literature, although silica chemistry is well understood. Synthesis of particles by the Stöber method usually resulted in a polydispersed size distribution for the size less than 50 nm.
Therefore, a systematic study of controlling the solution chemistry is needed to explore how to control size and uniformity of particles. The aim of our study is systematically to control and tune the hydrodynamic size of fluorescent silica particles by varying the concentrations of the reagents and solvent.
Here we report a systematic method to produce uniform fluorescent particles by modifying the Stöber method. How relative amounts of reagent influence the particle size, monodispersity, and photophysical properties, are investigated here in details. We showed that the amount of ethanol and ammonia precisely tunes the size of silica nanoparticles. Lastly, we evaluated size dependent cytotoxicity of the fluorescent silica nanoparticles against cancer cell lines.
Experimental
Tetraethyl orthosilicate (TEOS) and fluorescein isothiocyanate (FITC, isomer I) were purchased from Fluka. 3-aminopropyl triethoxysilane (APTES, Alfa Aesar), NH 4 OH (ammonium hydroxide, 25 wt%, Merck), ethanol (Riedel) were used as received. Deionized (DI) water was used throughout the study.
In a typical synthesis, APTES (0.385 mmol) and FITC (0.0135 mmol) were dissolved in 1.0 ml of absolute ethanol in the dark and stirred magnetically for about 18 h at room temperature under a nitrogen atmosphere. The stock solution of the APTES -FITC conjugate was kept in the dark to prevent photobleaching and later used as a fluorescent silane reagent for the production of the fluorescent part of the nanoparticles. To form a silica network around the APTES-FITC conjugate, appropriate amounts of ammonia, ethanol and TEOS given in Table 1 (22 independent batches) were mixed in a 100 ml round-bottom flask with a magnetic stirring. Reaction times were kept constant for each experiment to prevent adventitious kinetic factors. The solution was allowed to stir for 24 h. Lastly, 245 μl TEOS was added as the post-coating step for particles and stirred for 24 hours more in the same reaction flask. This last step provides a facile means by which to modify the surface of particles via a rich library of silicates. The FITC-conjugated silica particles were washed four times with ethanol to remove unconjugated dyes and other reagents.
The purified samples were then dried under nitrogen for physicochemical characterization. 
Results
Silica particles at nanometer scales were prepared by a procedure based on a modified
Stöber method as described in the experimental section. To tune and optimize particle size during preparation of each batch, the amount of one of the reagents was systematically adjusted while the amounts of the other reagents were kept constant; in total there were 22 independent batches. determined DLS measurements confirming that particle size distributions were monodispersed (standart deviations given in Table 1 ). Figure 1 shows representative results of hydrodynamic size distributions of particles prepared under different set of conditions. The size and shape of particles were verified by SEM images as shown in Figure 2 illustrating that the particles were uniformly spherical.
Following evidence the particles were monodisperse, the relationship between the size and the initial amount of reagents were analyzed in details. A plot of particle size versus the volume of ammonia ( Figure 3A ) indicated two regions around a turning point of 1.2 ml (0.49 M). The size of particles in both regions was linearly proportional to the amount of ammonia. For experiments where more than 1.2 ml ammonia was used in the reaction, particle becomes larger as a function of initial volume of ammonia increased. This result suggests that silica particles in a desired size can be produced by simply adjusting the initial amount of ammonia within the conditions provided here. The experiments were performed at room temperature in the presence of a 0.1 ml APTES-FITC, 1.2 ml TEOS, 30 ml ethanol and 0.3 -4.8 ml ammonia. b 0.1 ml APTES-FITC, 1.2 ml ammonia, 1.2 ml TEOS, and 5.0 -60 ml ethanol. c 0.1 ml APTES-FITC, 1.2 ml ammonia, 30 ml ethanol, and 0.5 -3.0 ml TEOS. d 1.2 ml ammonia, 1.2 ml TEOS, 30 ml ethanol. Standart deviations were determined from the size distributions.
All reactions including the synthesis of the fluorescent conjugate and formation of the silica network were performed in the presence of ethanol. Therefore, ethanol is the solvent of the reaction medium in this work. The amount of ethanol was adjusted from 60.0 to 5.0 ml ( Table 1, the set of Exp. No. 2). Ethanol produced during the hydrolysis of TEOS was not taking into account since a constant amount of TEOS was used in the set of Exp. No. 2. The effect of the amount of ethanol on the size of the particles is presented in Figure 3B . The adjustment of the volume of ethanol yields highly uniform nanoparticles in the size range from 12 nm to 465 nm. As shown in Figure 3B , there is an exponential dependence of the particle size to the initial volume of ethanol.
The exponential dependence indicates that the initial amount of ethanol is the major factor regulating the particle size.
After determining how amounts of ammonia and ethanol tune the size of particles, the effect of the amount of TEOS on the size was studied. The amount of TEOS was increased from 0.5 ml to 3.0 ml ( Table 1 , the set of Exp. No. 3). Figure 3C shows that amounts of TEOS up to 1.5 mL
were not effective the within experimental error on the particle size (about 45 nm), however, when the amount of TEOS was higher than 1.5 mL the particle size was meaningfully reduced to 25 nm.
The change in particle size was not proportional to the amount of TEOS in the reaction flask although the amount of TEOS increased by a factor of six. Thus, the variation in the amount of TEOS does not greatly affect the particle size in the concentration range used in this study, as compared to the profound effects of the amount of ammonia and ethanol.
We next investigated the amount of APTES-FITC conjugate on particle size ( Table 1 , the set of Exp. No. 4). DLS results showed that particle size varied with increasing amounts of APTES-FITC (Table 1) . There was a fluctuation in size when a lower amount of APTES-FITC conjugate (less than 0.1 mL) was employed. The particle size was increased in a linear fashion as the amount of the conjugate was increased as shown Figure 3D . The effect of the amount of conjugate on particle size is determined to be not substantial. However, such formations were not observed except a tiny peak at -67.4 ppm that can be ascribed to T 3 silicons. 13 C CP-MAS NMR measurements were used to qualitatively characterize the fate of the ethoxy and aminopropyl groups of the (organo)-alkoxysilanes on the particle surface ( Figure   4B ). Two major 13 C-NMR signals were observed at 17.7 and 59.1 ppm that were attributed to the equivalent carbons of the -CH 3 and -O-CH 2 -of TEOS, respectively. However, the formation of small peaks at 10.0 (Si-CH 2 ), 23.5 (-CH 2 -CH 2 -CH 2 -) and 43.1 ppm (-CH 2 -NH 2 ) can be ascribed to APTES ( Figure 4B ). These spectra are considered as proof of the existence of -NH 2 groups in the particle structure, although an additional amount of TEOS was used at the post coating step.
Overall, NMR measurements along with microscopic and scattering measurements identified the formation of siloxane bonds and silica particle formation.
It is important to control the number of FITC molecules conjugated to silica particles. To determine the amount of conjugated FITC, the silica particles were intentionally disintegrated in a 1M aqueous solution of NaOH. Figure 5 shows the absorption and fluorescence spectra of FITC released as a result of the degradation of silica particles prepared in the set of Exp. No. 1. Figure   5A shows an increase in absorbance as the particle size was increased. The released number of To confirm whether the silica network protects dye molecules, the particles were treated with environmental factors such as solvents, pH and quenchers. The fluorescence spectra of FITC molecules both dissolved in and conjugated to the silica particles dispersed in dimethyl formamide, ethanol, and water are presented in Figure 7 . The shape of the fluorescence spectra of FITC dissolved in the solvents changed, and the peak position shifted to red due to the solvatochromatic effect (increased orientational polarizability) as the solvent molecules interact freely with FITC molecules. However, the spectra of FITC conjugated to the particles ( Figure 7B ) showed no variation with the solvents. Apparently the solvent molecules do not reach the FITC molecules conjugated to the particle; an effective protection layer against solvents has been provided by the silica network for FITC molecules.
Fluorescence quenching is a process causing a reduction in the fluorescence intensity of a fluorophore if a quencher interacts with the fluorophore. Accordingly, quenching studies can be used to reveal the interaction of a quencher with dye molecules conjugated to silica. We It is well known that pH of environment through protonation of FITC modulates fluorescence intensity and therefore the fluorescence of FITC is sensitive to solution pH of its environment. Therefore, investigating the influence of pH on FITC conjugated to particles could further demonstrate the protective nature of the silica matrix. The pH of the aqueous solution was adjusted from 6 to 13. Figure 9 represents how the pH of the solution makes an impact on the fluorescence spectra of FITC in solution or conjugated to silica particles. Reduction in the fluorescence intensity was observed for FITC when dissolved in aqueous solution, but the intensity of the FITC-conjugated to particles remained almost unchanged. There was a 30% decrease in intensity for pH higher than 11 that indicates the disintegration of the particles. The spectral shape and position also did not change with pH. These findings confirmed the protection provided by the silica matrix to FITC against changes in pH of the environment. 8 Photostability performance of the particles was checked by photobleaching of FITC emission. The test was applied to particles containing different amounts of dye molecules (Table 1, Exp. No. 4). Variation in the fluorescence intensity of the particles with time was monitored up to 100 min under continuous illumination. It was observed that the fluorescence intensity reduced rapidly within 5 minutes and remained unchanged after 20 minutes as seen in Figure 10 . The fluorescence intensity of the larger particles containing higher amounts of APTES-FITC conjugate was determined to be decreased by 3% and 13% at 5 and 100 min, respectively. The intensity was decreased by 5% at 5 min., and by 21% at 100 min. for the smaller particles. The rate of photobleaching was greater for the particles containing a lower number of dye molecules. These measurements illustrated that particles encapsulating a higher number of FITC molecules are much brighter for a prolonged period of time.
Assessment of cell viability is important for the biological and medical applications of silica particles. Figure 11 shows the results of size dependent cell viability determined by the MTT assay for MCF7 and PC3 cells. Cells were incubated with the particles (size of 12 to 255 nm) at dosages up to 1000.0 g/mL. Incubation times up to 72 hours were employed. Under these experimental conditions cell viability of MCF7 and PC3 cells with respect to particle size, dosage, and incubation time remained unchanged. The results point out no size dependent cytotoxicity. Silica particles do not stimulate cell death on MCF7 and PC3 cell lines.
Discussion
The discussion section is mainly devoted to particle formation. yielded an increase for the size of particles in the presence of 14 M ammonia. The increase in particle size may be attributed to the presence of a very high concentration of ammonia, producing an excess amount of hydroxide ions in the reaction medium. There is a consensus in the literature that a progressive increase in the amount of water yields formation of larger silica nanoparticles.
We verified the effect of increased amounts of water on the size of particles. Amount of ammonia strongly controls the particle size and our results agrees very well with the literature. Ammonia served as a reactant and a catalyst for the hydrolysis of TEOS. One of the reactant OH -ions provided by ammonia is important for the formation of particles. The literature shows that the concentration of the basic catalyst is responsible to tune particle size [39, 44, 47-51, 56, 57, 62]. In our study, we systematically varied the amount of ammonia from 0.13 M to 1.78 M and showed that the size of the particles increased as the amount of ammonia was raised.
The reports regarding the effects of ammonia on the size of particle are controversial. Rao et. al.
observed that the size of particle decreased with increasing the ammonia concentration (2.80 - are important factors to elucidate the fate of the silica particle for biological and medical applications. We will direct our attention to these areas and extend our work to determine the locations and motions of fluorescent silica particles in normal and cancerous cell lines as a function of surface chemistry and surface potentials.
Conclusions
We present a method to systematically synthesize monodispersed The graphs (A and B) were plotted for fluorescence intensity versus absorbance for the set of Experiment 1 (1A to 1E in the Table 1 ) and the set of experiment 2 (2A to 2F). 3D plots (C and D) of particle size versus fluorescence intensity and absorbance were shown. The correlation coefficient R 2 (for the exp. set of 1)= 0.9522, R 2 (for the exp. set of 2)= 0.9665. The graphs on the left is related to effect of amount of ammonia, the plots on the right show effect of amount of ethanol. Figure 7 :
The solvent effect: Fluorescence spectra of free FITC (left) dissolved in water and FITC conjugated to particles (right) dispersed in different solvents, dimethylformamide (DMF), ethanol (EtOH), and water (H 2 O). 
